The purpose of our study was to determine in rats the dependence of constrictor responses of intracerebral (parenchyma!) penetrating arterioles on extracellular calcium. Vessel diameter was monitored in vitro, after spontaneous tone had developed. When the organ bath solution was changed from a physiological solution to a Ca 2+ -free one containing 0.5 mM EGTA, these vessels showed rapid and marked vasodilation to a mean±SEM of 159. I ntracerebral (parenchyma!) arterioles are the most distal resistance vessels in the cerebral circulation. These vessels, together with pial arterioles in the cerebral microcirculation, control more than half of the total cerebrovascular resistance.
I ntracerebral (parenchyma!) arterioles are the most distal resistance vessels in the cerebral circulation. These vessels, together with pial arterioles in the cerebral microcirculation, control more than half of the total cerebrovascular resistance. 12 A number of studies have shown that large cerebral arteries are more dependent on extracellular calcium than are peripheral arteries of similar size. 34 We have recently found that calcium antagonists have greater vasodilatory effects on intracerebral arterioles than on more proximal, larger cerebral arteries and that the tone of intracerebral arterioles might be highly dependent on extracellular calcium. 5 The present study was therefore conducted to determine the dependence of constrictor responses on extracellular calcium in intracerebral arterioles.
Materials and Methods
Animal experimentation was conducted in conformity with the American Physiological Society's "Guiding Principles in the Care and Use of Animals." Methods for the isolation and cannulation techniques are described by Duling et al 6 and by Dacey and Duling. 78 Briefly, penetrating cere-bral arterioles 30-70 /i.m in diameter were surgically isolated from the first (Ml) portion of the middle cerebral artery from the brains of 14 pentobarbitalanesthetized Sprague-Dawley rats weighing 300-400 g. The vessel segments were transferred to a temperature-controlled chamber on the stage of a Nikon inverted microscope (Garden City, New Jersey) and were cannulated using glass pipettes. Vessel diameters were determined using a videodimensional analysis system (modified model 321, Colorado Video, Boulder, Colorado).
After cannulation, transmural pressure was applied at 60 mm Hg via the cannulating pipette and the passive diameter was determined. The external solution was then warmed from room temperature to 37-38° C. Over approximately 45 minutes, during which time the bath solution was changed three or four times, spontaneous tone developed and control diameter was measured. Responsiveness of the vessels was then assessed by decreasing the extraluminal pH from 7.30 to 6.80 and by increasing it from 7.30 to 7.60.
The physiological salt solution (PSS) used in this preparation was modified Ringer's solution, the millimolar composition of which was NaCl 144, KC1 3.0, CaCl 2 2.5, MgSO* 1.5, glucose 5, pyruvate 2.0, ethylenediaminetetraacetic acid O.O2,3-[7V-morpholino]propanesulfonic acid 2.0, and NaH 2 PO 4 1.21. Bovine serum albumin (0.9-1 g/100 ml) was added to PSS for the intraluminal solution, which was maintained at pH 7.3 for all experiments. Ca solutions were obtained by omitting CaCl 2 from the PSS, substituting an equimolar amount of NaCl, and adding 0.5 mM ethylene glycol-bisQS-aminoethyl ether)N,yV,A/',N'-tetraacetic acid (Sigma Chemical Co., St. Louis, Missouri).
To determine the dependence of constrictor responses of intracerebral arterioles on extracellular Ca 2+ , the vessels were pretreated with Ca
2+
-free solution for 3 minutes. A much shorter pretreatment period was used in this study than for larger cerebral arteries 910 since earlier studies suggested that intracerebral arterioles are highly dependent on extracellular Ca 2+ . Various vasoconstrictors (140 mM KC1, pH 8.0 [alkalosis], and 10~4 M prostaglandin F[ PGF2J, the most potent vasoconstrictors in these arterioles) at concentrations producing maximum contraction in PSS were then applied to the organ bath, and the change in inner diameter was measured. Intracerebral arterioles are relatively unaffected by norepinephrine and serotonin, 811 which are typical vasoconstrictors for larger cerebral arteries.
1213 Constrictors were also applied to the vessels without pretreatment when the organ bath solution was changed from PSS to a Ca 2+ -free solution. Mean±SEM diameters for each treatment group, expressed as a percent of control vessel diameter, were compared using nonparametric Wilcoxon signed rank test.
14 The level of significance was p<0.05.
Results Passive arteriolar diameter was 84.3±6.8 ^.m (n=9). Control vessel diameter was 46.9±3.5 /im. When the extraluminal pH was changed, vessels dilated significantly to 135.6±3.9% of control diameter (p=0.018) at pH 6.8 and constricted significantly to 75.8±0.9% of control diameter (p=0.018) at pH 7.6. Vessels that showed weak responses (<20% dilation at pH 6.80 or 20% contraction at pH 7.60) were discarded at this stage.
In PSS, KC1 reduced vessel diameter significantly (66.0±7.1% of control diameter, p=0.043); an early rapid contraction phase usually lasting 30 seconds was followed by a small transient relaxation lasting approximately 2 minutes and an ensuing slow contraction phase. Vessel diameters were 60.3±6.6% of control during the rapid phase (n=5), 78.7±8.5% during the relaxation phase, and 66.0±7.1% during the slow phase. On the other hand, contractions with solutions of pH 8.0 or PGF^ in PSS were persistent and reached the maximum within 3 minutes. Vessel diameters were significantly reduced to 61.3 ±3.1% of control (n=8, p=0.012) by alkalosis and to 68.5±2.1% (n=8, p=0.02) by PGF^ (Figure 1) .
When the organ bath solution was changed from PSS to a Ca 2+ -free solution, the vessels showed rapid and marked vasodilations to 159.8±8.2% of control diameter (n=7, p=0.018). After 3 minutes of pretreatment with the Ca 2+ -free solution, constrictor responses to KG, alkalosis, or PGF^ were completely abolished (Figure 2 ; diameters after application of these vasoconstrictors were 99.9±0.2% of control for KCI, 100.4±0.4% for alkalosis, and 99.8±0.2% for P G F^. Small but significant transient contractions of 6.6±1.8% («=7, p=0.043), however, were noted with PGF^; the contractions disappeared within 30 seconds. Vessels returned to control diameter soon after the bath solution was replaced with PSS.
When constrictors were applied without pretreatment, all the vessels still dilated rapidly (p=0.018, Figure 3) -free solution also dilated the vessels; however, the degree of vasodilation was significantly smaller than that obtained with Ca 2+ -free solution alone. These observations support the interpretation that PGF^ (and, less potently, alkalosis) releases Ca 2+ from intracellular stores in intracerebral arterioles to maintain some vessel tone in a Ca 2+ -free solution, although the stores may be small.
Spontaneous tone in isolated intracerebral arterioles has characteristics similar to those reported for myogenic tone in other resistance arteries. 16 -18 Myogenic tone is stretch-dependent, temperaturesensitive, and extracellular Ca 2+ -dependent. However, myogenic tone is independent of innervation or vasoactive autocoids. 1819 Myogenic tone still occurs in vessels taken from vascular beds after chronic sympathetic denervation. 18 Spontaneous tone in isolated intracerebral arterioles is also stretchdependent and temperature-sensitive, and appears after the vessel is placed in a bath at a transmural pressure of 60 mm Hg and a temperature of 37.5° C. Our present study also shows that spontaneous tone in intracerebral arterioles is dependent on extracellular Ca 2+ since vessels that had developed spontaneous tone in PSS lost tone and dilated to 159.8% of control diameter after removal of Ca 2+ and recovered tone soon after the organ bath solution was returned to PSS. Prazosine (10~7 M) does not affect spontaneous tone in intracerebral arterioles, indicating that it is independent of a-adrenergic receptor mechanisms (unpublished data from our laboratory). Although myogenic tone is highly dependent on extracellular Ca 2+ , considerable variability in the sensitivity of this tone to calcium channel blocking agents is reported. 20 Myogenic tone is resistant to dihydropyridine calcium antagonists such as nifedipine and nimodipine, suggesting that its mechanism involves a calcium channel system different from that associated with receptor occupation or membrane potential change. Our study in intracerebral arterioles, however, showed similar degrees of maximal vasodilation of approximately 50% by any of four calcium antagonists (diltiazem, verapamil, nifedipine, and nimodipine) with sensitivities comparable to those reported in cerebral artery preparations precontracted with KCI or PGF^. 5 Hwa and Bevan however, the possibility ofendothelium-dependence of spontaneous tone in these arterioles cannot be excluded since pressure-induced myogenic activation is reported to be dependent on intact endothelium in cat cerebral arteries. 21 KCl-induced contraction was highly dependent on extracellular Ca 2+ in intracerebral arterioles since contraction was completely abolished in Ca 2+ -free solution. Our results are comparable to those in large cerebral arteries. 22 - 23 Most smooth muscle tissues in PSS respond to KC1 with sustained contractions, which usually can be divided into two or more components. 24 Regarding the sources of activator Ca 2+ in these components of KCl-induced contraction, Urakawa and Holland 25 indicated that the early rapid phase and the ensuing slow phase were induced mainly by release of intracellular stored Ca 2+ and influx of extracellular Ca 2+ , respectively. However, more recent studies suggest that the two components of KCl-induced contraction reflect transmembrane inflow of extracellular Ca 2+ through separate Ca 2+ channels. 232627 Our results also support the latter explanation since both components of KCl-induced contraction were completely abolished in Ca 2+ -free solution.
Alkalosis is one of the most potent vasoconstrictor stimuli for intracerebral arterioles, but the mechanism of alkalosis-induced vasoconstriction remains obscure. 28 It is generally attributed to modification of intracellular pH. 29 -30 However, Harder and Madden 31 recently suggested that extracellular pH can modify cerebral arterial tone by a direct mechanism and not necessarily by its effect on intracellular pH. In our present experiment, 3 minutes of pretreatment with a Ca 2+ -free solution abolished subsequent constrictor response to alkalosis, although alkalosis had a small tone-maintaining effect upon simultaneous application of a Ca 2+ -free solution. Our results suggest that alkalosis-induced contraction in intracerebral arterioles is highly dependent on extracellular Ca 2+ . Therefore, alkalosis probably exerts its effects on vascular tone by modulating transmembrane Ca 2+ movement in arteriolar smooth muscle cells, although alkalosis could also release a small amount of Ca 2+ from intracellular stores in these cells.
